Although numerous studies have suggested that canonical IκB kinases (IKK) play a key role in the progression of liver fibrosis, the role of non-canonical IKKε and TANKbinding kinase 1 (TBK1) on the development and progression of liver fibrosis remains unclear. To demonstrate such issue, repeated injection of CCl 4 was used to induce hepatotoxin-mediated chronic liver injury and biliary fibrosis was induced by 0.1% diethoxycarbonyl-1, 4-dihydrocollidine diet feeding for 4 weeks. Mice were orally administered with amlexanox (25, 50, and 100 mg/kg) during experimental period.
| INTRODUC TI ON
Liver fibrosis is a result of hepatic responses caused by chronic damage, in conjunction with the accumulation of extracellular matrix (ECM), low-grade inflammation and the activation of hepatic stellate cells (HSCs). 1, 2 Severe liver fibrosis can develop into liver cirrhosis, characterized by nodule formation and organ contraction. 3, 4 And patients with cirrhosis are always accompanied by serious complications including portal hypertension, liver failure and hepatocellular carcinoma. 5, 6 The main causes including chronic hepatitis virus B or C infection, alcohol abuse and non-alcoholic steatohepatitis are known as leading causes to induce liver fibrosis. 3 Among the different cell types located in liver, Kupffer cells (KCs) and HSCs are known to play a critical role in the development or regression of liver fibrosis. As the liver resident macrophages, KCs regulate inflammatory responses, which exert critical roles in progression of liver fibrosis. And KCs-derived transforming growth factor β (TGFβ) has been suggested to induce trans-differentiation of quiescent HSCs to activated myofibroblasts, which in turn produce other cytokines and ECM proteins. Additionally, TGFβ is one of target genes of signal transducer and activator of transcription 3 (STAT3) 7 that promotes hepatic fibrosis through increasing TGFβ expression in mice with liver fibrosis. 8 Also, rapid early activation of STAT3 has been observed in HSCs and fibroblasts but not in normal hepatocytes, 9 indicating that STAT3 might be a therapeutic target for liver fibrosis. As HSCs are the key cellular resource for the production of ECM proteins and hepatic fibrosis, 10 understanding the molecular mechanisms of HSC activation is crucial to the development of anti-fibrotic treatments. However, the exact mechanism underlying pathogenesis of liver fibrosis is not fully understood. Also, there are still no effective drugs to treat liver fibrosis or cirrhosis. 11 The canonical IκB kinase (IKK) complex constitutes two highly homologous catalytic subunits (IKKα and IKKβ) and one regulatory subunit (IKKγ). 12 This kinase complex is the central regulator in nuclear factor kappa B (NF-κB) signalling. TANK-binding kinase 1 (TBK1) and IKKɛ, two homologous non-canonical IκB kinases, share 27% amino acid sequence homology with IKKα/β but are not the components of the canonical IKK complex. 13, 14 TBK1 and IKKɛ can phosphorylate and activate interferon regulatory factor (IRF) family of transcription factors. 15 Activation of IRFs leads to increased production of pro-inflammatory cytokines/chemokines and type I interferon which plays key roles in antiviral immune responses. 16 Although many studies showed that TBK1 and IKKε are not required for NF-κB activation, 17, 18 accumulated evidence indicated that TBK1
and IKKε are involved in the activation of NF-κB signalling pathway through phosphorylation of IκB and NF-κB subunit p65. [19] [20] [21] Thus, emerging evidence showed that TBK1 and IKKε have been linked with inflammatory-related liver diseases. A recent study demonstrated that amlexanox, a dual inhibitor of TBK1 and IKKε, can reduce hepatic inflammatory reaction by inhibiting TBK1/IKKε activities, and consequently reducing obesity and insulin resistance. 22 Also, loss of TBK1 kinase activity or IKKε protects mice from high fat diet-induced metabolic dysfunction. 23, 24 These findings led us to predict that modulation of TBK1 and showing that inhibition of canonical IKKβ significantly attenuates hepatic inflammation and fibrogenesis in mice with non-alcoholic fatty liver disease by reducing NF-κB activation. 25 However, the roles of TBK1 and IKKε in the pathogenesis of liver fibrosis are still unknown. Therefore, we aimed to clarify the precise role of non-canonical IKKs in the development and resolution of liver fibrosis by using amlexanox.
| MATERIAL S AND ME THODS

| Animals
Seven-week-old male C57BL/6 wild-type (WT) mice were used in this study. The mice were purchased from Taconic Farms, Inc (Samtako Bio Korea) and maintained in standard conditions (24 ± 2°C, 50 ± 5% humidity). They were fed a sterile standard chow diet and provided water ad libitum. Experimental procedures and animal management procedures were undertaken in accordance with the requirements of the Animal Care and Ethics Committees of Chonbuk National University.
The animal facility of the Chonbuk National University is fully accredited by the National Association of Laboratory Animal Care.
| Murine fibrosis induction and amlexanox treatment
Two different models of liver fibrosis were used in this study. To induce hepatotoxin-mediated liver fibrosis, CCl 4 (Sigma-Aldrich; CCl 4 , 2:5 v/v in corn oil) or same volume of corn oil (Sigma-Aldrich) were administered intraperitoneally (i.p.) at a dose of 2 mL/kg bodyweight (BW) three times per week for up to 4 weeks. To induce biliary fibrosis, mice were fed with 0.1% diethoxycarbonyl-1, 4-dihydrocollidine (DDC, Saeronbio Inc) for 4 weeks. Based on a previous study showing that 100 mg/kg amlexanox was no side effect to experimental mouse, 22 different doses of amlexanox (25, 50 , and 100 mg/kg) were used in our in vivo experiments. Each group of mice was orally administered with amlexanox (25, 50, and 100 mg/kg) or same volume of vehicle once a day throughout the experimental period.
After 4 weeks of DDC diet feeding, mice were fed with normal diet for the next 1, 2 and 3 weeks to establish the model of fibrosis resolution as previously described with a slight modification (the resolution [RES] group). 26 During normal diet feeding period, mice were orally administered with amlexanox (50 mg/kg) or same volume of vehicle once a day. Prior to necropsy, animals fasted for 8 hours.
Standard necropsy techniques were used, and tissues were collected and prepared for future analysis.
| Histopathologic examination
Livers were fixed in 10% phosphate-buffered formalin, routinely processed and then embedded in paraffin. Tissue sections (4 μm in thickness) were prepared using a microtome (HM-340E, Thermo Fisher Scientific Inc) and placed on glass slides. Haematoxylin and eosin (H&E) staining was performed according to standard techniques.
To evaluate the severity of liver fibrosis, liver sections were stained with Sirius-red staining (saturated aqueous solution of picric acid containing Direct Red 80; Sigma-Aldrich). After liver sections were stained, the percentage of red-stained collagen fibres was quantified by measuring Sirius-red-positive area per total liver section. Total liver section images were analysed for each animal using a light microscope (BX-51, Olympus Corp.) and digital imaging software (analySIS TS, Olympus Corp.).
| Biochemical measurements
To evaluate the degree of liver injury, serum levels of alanine aminotransferase (ALT) and aspartate aminotransferase (AST) were determined using AM101-K spectrophotometric assay kits (ASAN Pharmaceutical).
Absorbance values of serum biochemical were measured at wavelength of 490 nm using an EMax spectrophotometer (Molecular Devices).
| Analysis of relative gene expression using quantitative real-time polymerase chain reaction (qRT-PCR)
Total RNA was isolated from cells or tissues using Easy-Spin Total RNA extraction kit (GeneAll). Following degradation of remaining DNA using DNase I containing RNase inhibitor (Toyobo), samples were tran- Table 1 .
| Western blot analysis
Liver tissues or cells were directly homogenized on ice with an extraction buffer (T-PER, Thermo Fisher Scientific Inc,) for 5 minutes. After centrifugation at 13 000 g for 15 minutes at Protein bands were visualized with enhanced chemiluminescence detection system using ImageQuant™ LAS 500 (GE Healthcare Life Science). Expression levels of protein were quantified with ImageQuant™ TL software.
| Isolation of liver cell fractions
Liver cells were fractionated into various cell populations as described by our previous studies. 27, 28 Briefly, mouse livers were digested by type I collagenase (1 mL/min) perfusion. Liver cells
TA B L E 1 Primer sequence of qRT-PCR
Gene
Forward Reverse
Note: Abbreviations: Col 1α1, alpha-1 type I collagen; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; hCol 1 α1, human alpha-1 type I collagen; hGAPDH, glyceraldehyde-3-phosphate dehydrogenase; hαSMA, human alpha smooth muscle actin; IKKε, IκB kinases ε; IL-1β, interleukin 1β; IRF3, Interferon regulatory factor 3; TBK1, Tank-binding kinase 1; TGFβ, transforming growth factor β; TIMP1, tissue inhibitors of metalloproteinase-1; TNFα, tumor necrosis factor α.
isolated from WT mice were suspended and centrifuged at 50 g for 3 minutes. Following centrifugation, the pellet representing hepatocytes was resuspended, filtered and washed several times using 
| Statistical analysis
All data were expressed as the mean ± standard error. Differences between multiple groups were compared using one-way analysis of variance (ANOVA) using SAS version 9.1 (SAS Institute Inc).
Duncan's multiple range test (DMRT) was used for individual comparisons. Experimental groups marked by different letters represent significant differences among groups. Differences between two groups were compared using a two-tailed Student's t test. A P < .05 was considered statistically significant.
| RE SULTS
| Increased activities of TBK1 and IKKε were found in fibrotic livers in mice
Consistent with previous finding showing increased activity of TBK1
and IKKε in the livers of mice with obesity, 22 we also found significantly increased phosphorylation levels of TBK1 and IKKε in the livers of mice fed with DDC diet compared with those of mice fed with chow diet ( Figure 1A) . We observed similar patterns of phosphorylation levels of these proteins in hepatotoxin-induced fibrotic livers ( Figure 1B) . To more clearly demonstrate these effects, phosphorylation levels of TBK1 and IKKε were evaluated in HSCs isolated from chow diet-or DDC diet-fed mice for 4 weeks. The results showed that increased protein levels of pTBK1 and pIKKε were observed in HSCs isolated from fibrotic livers ( Figure 1C ). Consistently, mRNA expression levels of TBK1 and IKKε were significantly increased in HSCs isolated from fibrotic livers compared with HSCs isolated from non-fibrotic livers ( Figure 1D ). Although there was no significant difference of expression levels of these genes in hepatocytes,
IKKε but not TBK1 was markedly up-regulated in KCs isolated from fibrotic livers ( Figure 1D ). These findings suggest that pTBK1 and pIKKε might affect the pathogenesis of liver fibrosis. These findings suggest that pTBK1 and pIKKε might affect the pathogenesis of liver fibrosis.
| Treatment of amlexanox alleviates the severity of biliary fibrosis in mice
To further determine the roles of TBK1 and IKKε in the pathogenesis of biliary fibrosis, chow diet-or DDC diet-fed mice were orally administered with vehicle or indicated dose of amlexanox daily. The changes in bodyweight during the experimental period did not differ among the chow diet-fed groups ( Figure S1 ). However, reduced body weight in mice with DDC diet was recovery by treatment of amlexanox in a dose-dependent manner. Also, DDC diet-fed mice had decreased protein levels of pTBK1 and pIKKε in livers (Figure 2A ).
Based on histopathologic analysis using H&E and Sirius-red staining, inhibition of TBK1 and IKKε by amlexanox markedly reduced biliary hyperplasia and collagen deposition in the livers of mice fed with DDC diet (Figure 2B ,C). Consistent with these findings, we observed significantly lower serum levels of ALT and AST in amlexanox-treated mice with fibrosis than those in vehicle-treated mice with fibrosis ( Figure 2D ). Additionally, amlexanox-administered mice showed dose-dependently reduced IL-1β and TNFα levels together with reduced NF-κB activation in fibrotic livers. (Figure 2E,F) . In line with histopathologic observation (Figure 2B,C) , we found lower expression levels of pro-fibrogenic genes such as TGFβ, alpha-1 type I collagen (Col1α1) and tissue inhibitors of metalloproteinase-1 (TIMP1)
in fibrotic livers of mice treated with amlexanox than those of vehicle-treated mice ( Figure 2G ). These results were further supported by Western blot analysis, showing that reduced protein levels of α-smooth muscle actin (αSMA) were observed in fibrotic livers of mice treated with amlexanox ( Figure 2H ). These findings suggest that suppression of TBK1 and IKKε by using amlexanox can attenuate cholestasis-induced chronic liver injury and its associated fibro-inflammatory responses in mice through modulating NF-κB activation.
| Treatment of amlexanox attenuates CCl 4induced liver fibrosis
To further explore the role of TBK1 and IKKε in fibrotic responses, we next performed additional experiments using hepatotoxin-induced liver fibrosis model. As shown in Figure 3A 
| Inhibition of TBK1 and IKKε promotes fibrosis resolution
As treatment of amlexanox attenuated the progression of liver fibrosis based on above results, we then investigated the roles of TBK1 and IKKε in fibrosis regression by feeding a DDC diet for 4 weeks, followed by feeding a chow diet plus amlexanox (50 mg/kg) for 1, 2 and 3 weeks (RES group; total 5, 6 and 7 weeks, respectively). Compared with 4 weeks DDC diet feeding, RES group showed markedly reduced liver fibrosis, as revealed by Sirius-red staining. And such effects were further accelerated by treatment of amlexanox ( Figure S2A ). Also, we observed significantly lower expression levels of pro-fibrogenic genes in amlexanox-treated mice in RES group ( Figure S2B) .
Consistently, amlexanox-treated mice showed reduced serum biochemical and expression levels pro-inflammatory genes during fibrosis resolution ( Figure S2C,D) . For more detailed analysis, we chose RES group after being shifted to a normal diet for 2 weeks.
As shown in Figure 4A , significantly lower protein levels of pTBK1 and pIKKε were found in the RES treated with amlexanox.
Amlexanox-treated group showed lower liver damage and fibrogenesis in mice after 2 weeks of fibrosis resolution, as confirmed by histopathologic analysis and Sirius-red staining ( Figure 4B,C) .
Additionally, inhibition of TBK1 and IKKε significantly reduced serum levels of ALT and AST in mice during fibrosis resolution ( Figure 4D ). Significant lower inflammation was also observed in fibrotic livers of mice treated with amlexanox compared to those of mice treated with vehicle, as confirmed by reduced protein levels of pro-inflammatory genes ( Figure 4E ). Consistently, administration of amlexanox resulted in significant lower protein levels of pNF-κB by amlexanox in the livers of mice after 2 weeks of fibrosis resolution ( Figure 4F ). In line with histopathologic examination, RES group showed significantly lower liver fibrosis in mice treated with amlexanox, as revealed by decreased expression levels of pro-fibrogenic genes ( Figure 4G ). Furthermore, we found significantly lower protein levels of αSMA in fibrotic livers of mice treated with amlexanox during fibrosis resolution ( Figure 4H ). These findings suggest that amlexanox can promote the resolution of liver fibrosis in mice.
| Treatment of amlexanox significantly reduces inflammatory responses in KCs
As TBK1 and IKKε were highly expressed in KCs and HSCs ( Figure 1D ), we focused on KCs and HSCs. In this part, we first investigated the roles of TBK1 and IKKε on KCs in inflammatory responses. As the KCs promote the progression of liver fibrosis by producing inflammatory cytokines, 29 the inflammatory responses were evaluated by performing in vitro study. As shown in Figure S3A ,B, treatment of amlexanox significantly decreased protein levels of pTBK1 and pIKKε in KCs and its related inflammatory gene expression. To further demonstrate these effects, LPS were co-treated with amlexanox to evaluate the role of TBK1 and
IKKε on inflammation in KCs. As shown in Figure 5A , increased pTBK1 and pIKKε by LPS were markedly decreased by amlexanox in KCs. Consistently, dose-dependently decreased protein levels of pNF-κB were observed in LPS-treated KCs by treatment of amlexanox ( Figure 5B ). Also, expression levels of TNFα and IL-1β
were decreased in LPS-treated KCs by treatment of amlexanox ( Figure 5C,D) .
KC-derived TGFβ is one of the most important cytokines involved in the pathogenesis of liver fibrosis. 29, 30 Similar to these findings, TGFβ is abundantly expressed in KCs isolated from non-fibrotic or fibrotic livers ( Figure 5E ). Thus, we next verified whether treatment of amlexanox affects TGFβ expression in KCs.
Treatment of amlexanox significantly reduced the expression levels of TGFβ in KCs with or without LPS stimulation ( Figure 5F ). In addition, co-culture experiments of hepatocytes-KCs showed that the expression levels of TGFβ ( Figure 5G ) and pro-inflammatory genes ( Figure S3C 
| Inhibition of TBK1 and IKKε suppresses HSC activation and its related fibrogenic responses
It has been well-known that HSCs play a critical role in the pathogenesis of liver fibrosis. 31 Also, HSCs are one of the main cellular sources of TBK1 and IKKε ( Figure 1D ). Therefore, we determined the roles of TBK1 and IKKε on LX-2 cells or primary murine HSCs by using amlexanox. As shown in Figure S5A ,B, dose-dependently decreased protein levels of pTBK1 and pIKKε also were found in non-activated LX2 cells and HSCs upon amlexanox treatment. Also, the expression levels of pro-fibrogenic genes were significantly decreased by treatment of amlexanox ( Figure S5C,D) . Next, TGFβ-treated LX-2 cells and activated HSCs (7 days post-isolation) were used to determine the role of amlexanox on activated HSCs. Significantly reduced protein levels of pTBK1 and pIKKε were observed in activated LX-2 cell and HSCs (Figure 6A,B) . Additionally, inhibition of TBK1 and IKKε markedly decreased protein levels of αSMA in activated LX-2 cells and HSCs (Figure 6C,D) . Consistently, these cells showed lower expression levels of pro-fibrogenic genes by treatment of amlexanox ( Figure 6E,F) . As NF-κB is closely associated with the activation of HSCs, 32 we next evaluated whether treatment of amlexanox affects activation of NF-κB in HSCs and found dose-dependently decreased protein levels of pNF-κB in activated HSCs or LX-2 cells upon amlexanox treatment (Figure 6G,H) . These findings suggest that inhibition of TBK1 and IKKε can suppress the activation of HSCs and its related fibrogenic responses.
| Anti-fibrotic effects by amlexanox treatment on HSCs are partially dependent on inhibition of STAT3
Considering that activation of STAT3 is involved in HSC activation and proliferation, 33, 34 we further verified activation of STAT3 in activated LX-2 cells and primary HSCs and found that pSTAT3 was markedly reduced when TBK1 and IKKε were inhibited ( Figure 7A,B) .
To confirm the inhibition of STAT3 by amlexanox resulting in antifibrotic effects, activated primary HSCs or TGFβ-treated LX-2 cells were cultured with amlexanox plus colivelin, STAT3 activator, to increase the activity of STAT3. As shown in Figure 7C from fibrotic tissue in livers. 35 Although most studies related to metabolic liver diseases have focused on canonical IKKα and IKKβ, Chiang and colleagues, however, reported that the non-canonical IKKs, IKKε and TBK1 are more highly expressed than canonical activators in several tissues of obese animals with metabolic dysfunctions. 36 Also, loss of TBK1 kinase activity protects high fat diet-induced metabolic dysfunction in mice by interfering with inhibitory interaction between TBK1 and insulin receptor. 23 Therefore, we hypothesize that the activation of TBK1 and IKKε may promote the liver fibrosis as well as metabolic liver diseases.
Based on our results, increased protein levels of TBK1 and IKKε were observed in the livers of mice with hepatic fibrosis, which is consistent with increased these proteins in the livers of obese mice with metabolic disorder. 36, 37 Notably, inhibition of TBK1 and IKKε by using amlexanox suppresses hepatic fibrogenesis and promoting the fibrosis resolution.
To demonstrate the mode of action of TBK1 and IKKε, we first ascertain the cellular source of these two kinases in livers. The results showed that various hepatic cell types including hepatocytes, KCs and HSCs expressed TBK1 and IKKε in physiologic or pathologic milieu. Especially, TBK1 and IKKε were predominantly expressed in KCs and HSCs in normal or fibrotic livers ( Figure 1D ). These findings Consistent with this notion, our results showed that amlexanox could reverse the increased protein levels of TBK1 and IKKε in activated HSCs as well as in the fibrotic livers of mice.
Among various signalling pathways, the roles of NF-κB and STAT3 in the pathogenesis of liver diseases have been extensively investigated. 33 In addition to having beneficial effects on liver fibrosis by modulating NF-κB, inhibition of STAT3 also exerts protective effects on fibrogenesis in livers. 38, 39 Of note, recent finding has provided that activated NF-κB and STAT3 could interact with each other leading to an increase of pro-inflammatory cytokine secretion in HSCs. 40 Although leptin or IL-6 cytokine family stimulates STAT3 activation leading to increase of pro-fibrogenic gene expression, a recent study has shown that crosstalk between STAT3 and TGFβ leads to pro-fibrogenic responses via promoting activation and anti-apoptosis of HSCs. 41 In accordance with these findings, our results showed that anti-fibrotic effects of amlexanox were, in part, mediated by reducing STAT3 activation in TGFβ-treated LX-2 cells and activated primary HSCs. Consistently, reduced STAT3 activity and anti-fibrotic effects by amlexanox were abolished by treatment of STAT3 activator in activated HSCs. Conversely, treatment of STAT3 activation inhibitor further increased the anti-fibrotic effects of amlexanox in activated HSCs. These results suggest that STAT3 was not fully inhibited by amlexanox, and anti-fibrotic effects of amlexanox in activated HSCs were partially dependent on STAT3 activation. These results were further supported by recent finding,
showing that TBK1 and IKKε play a crucial role in maintaining persistent activity of STAT3. 42 Furthermore, recent studies have shown that NF-κB protects activated HSCs against TNFα-induced apoptosis, 43, 44 and inhibition of NF-κB led to the promotion of HSC apoptosis, resulting in reduced severity of liver fibrosis. 45 Also, several studies have demonstrated that the apoptosis of activated HSCs is mechanistically implicated in the progression or resolution of liver fibrosis. 46, 47 In line with these findings, treatment of amlexanox significantly increased the protein level of Bax (pro-apoptosis protein), with a concomitant decrease of protein level of Bcl2 (anti-apoptosis protein) in TGFβ-treated LX-2 cells and activated primary HSCs ( Figure S6A,B ). In line with these results, the ratio of Bax and Bcl2 was significantly increased by treatment of amlexanox in activated LX-2 cells and primary HSCs ( Figure S6C,D) . Thus, inhibition of TBK1
and IKKε can promote the apoptosis of activated HSCs, which leads to a decrease of fibrogenic responses.
On the contrary, STAT3 in hepatocyte exerts hepatoprotective effects through enhancing proliferation of hepatocytes in livers with persistent damage and fibrosis. 48, 49 Moreover, TBK1 and IKKε have protective functions against TNF-induced cell death by receptor-interacting serine/threonine-protein kinase 1 phosphorylation. 50 Therefore, cell type-specific role of TBK1 and IKKε needs to be further determined the relationship between these two kinases and liver fibrosis.
Collectively, we have shown that the modulation of the TBK1/ IKKε by amlexanox affects the activation of HSCs and KCs resulting in reduced fibro-inflammatory responses. As more effective therapeutic strategies are urgently needed for treating hepatic fibrosis and cirrhosis, inhibition of TBK1 and IKKε by amlexanox may be a promising therapeutic strategy to cure fibrosis, which could allow for remodelling and regression of fibrosis. 
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